Enriched peribacteroid membranes were prepared from Phaseolus vulgaris nodules and, in the presence of metleghemoglobin and H202, membranal lipid peroxidation was observed. The initial rate of the reaction was low and increased with time. Ferrous leghemoglobin was unable to induce this peroxidation with H202. Thus, it appears that leghemoglobin (IV) is not the activated species involved in this process. Heme plays a role in this peroxidation and the hydroxyl radical is not an intermediate of the reaction. Lipid peroxidation in peribacteroid membranes was also observed in the presence of iron ions. A mixture of iron (Ill) and iron (II) produced a maximal peroxidation. Senescing nodule extracts were able to provoke membranal lipid peroxidation; they contained nonprotein-bound iron. Peribacteroid membranes were more sensitive than microsomes to peroxidation, as measured by malonaldehyde formation.
The Rhizobium-legume symbiosis involves a high degree of interaction between the host cell and the microbial symbiont. An important feature of this symbiosis lies in the presence of the PBM', derived from the root cell plasma membrane (7) , which effectively excludes the bacteroids from the host cell cytoplasm (4) . Recent work has emphasized the key role of this membrane in regulating the nutrient exchanges between the plant and the microbial partner (13, 33) in functional nodules. Furthermore, the loss of the PBM, in the case of incompatibility between the two partners, renders the root nodules ineffective (34) . In the same way, senescing nodules, devoid of nitrogen fixation activity, are primarily characterized by the disappearance of their peribacteroid membranes. However, the capacity of isolated bacteroids to reduce C2H2 is not completely abolished, confirming an essential role of the PBM for the adequate expression of nitrogen fixation (25) .
One of the major processes involved in the degradation of biological membranes is lipid peroxidation. This causes loss of fluidity, declines in membrane potential, increased permeability to ions, and eventual rupture leading to release of cellular and organellar contents (29) . Although the chemistry of initiation of peroxidation in membrane systems is not fully understood, iron ions are believed to play an important role in this mechanism (20) . Thus, there have been various sug-'Abbreviations: PBM, peribacteroid membrane; MDA, malondialdehyde; TBA, thiobarbituric acid. 826 gestions that iron-oxygen species are responsible for this initiation: perferryl radicals and specific Fe2+-Fe3+-O2 complexes have been considered (20) . On the other hand, it has been proposed that ferryl species might account for the ability of mixtures of heme proteins and H202 to stimulate lipid peroxidation; thus, initiation of membranal lipid peroxidation by activated metmyoglobin and methemoglobin has been reported (14) . Leghemoglobin, a cytosolic myoglobin-like hemoprotein, is present in large quantities around the peribacteroid vesicles in the central tissue of nitrogen-fixing root nodules (1). To our knowledge, the possible role of this hemoprotein or of derived species in promoting lipid peroxidation in legume nodules has never been studied. In this work, we have studied the possibility that leghemoglobin induces the peroxidation of purified PBMs in the presence ofH202. In addition, we measured the concentration of nonprotein-bound iron during nodule development, including the senescence period and examined the role of iron ions in the peroxidation process. The possibility that these processes participate in vivo in the degradation of the PBM during nodule senescence is discussed.
MATERIALS AND METHODS
Source of French-Bean Nodules and Purification of the Peribacteroid Membranes and Microsomes French beans (Phaseolus vulgaris L. cv Contender) were grown in a glasshouse (temperature range 20-27°C) and supplied with a nitrogen-free solution as previously described (30) . Plants were inoculated with Rhizobium leguminosarum biovarphaseoli strain 9-6, 6 d after sowing. Nodules appeared on the roots 10 d later and were harvested when they were 3 to 4 weeks old (unless otherwise stated).
Vesicles containing bacteroids were obtained from freshly harvested nodules as described elsewhere (13) . Briefly, after a first centrifugation at 150g to eliminate cell debris, vesicles containing bacteroids and naked bacteroids were sedimented at 300g. Vesicles containing bacteroids were further purified on a self-generated Percoll gradient (13) . They were then vortexed to rupture the PBMs without causing a leakage of the microsymbionts and subsequent release of periplasmic material. The bacteroids were pelleted by centrifugation at 10,000g for 15 min at 4°C, and the resulting supernatant was centrifuged at 250,000g for 1 h. The peribacteroid membranes were then resuspended in a minimal volume of phosphatesaline buffer (10 mm Na2HPO4/NaH2PO4, 150 mM NaCl [pH 7.4]). All steps were performed at 4°C with argon-purged buffers in order to minimize the autoxidation of unsaturated lipids.
To obtain a microsomal fraction, nodule breis was centrifuged, after removal of the cell debris, for 15 min at 10,000g. The supernatant was then centrifuged at 80,000g for 1 h, and the microsomes were purified from the obtained pellet as described by Lord (18) .
Leghemoglobin Purification and Reaction with H202
This hemoprotein was purified from French-bean nodules as described by Lehtovaara and Ellfolk (17) . Leghemoglobins a and b were separated by chromatography on DEAE-cellulose, and the major component (leghemoglobin a) was further purified by isoelectric focusing (27) and used for the peroxidation experiments. Ferryl leghemoglobin was formed by the cautious addition of two molecular proportions of H202 to ferrous or ferric leghemoglobin as described by Aviram et al. (2); the optical spectrum of ferryl leghemoglobin (2) was obtained.
Peroxidation of Peribacteroid Membranes
Reaction mixtures contained in a final volume of 1.0 mL, 0.5 mL ofphosphate-saline buffer and 0.1 mL ofperibacteroid membranes (4-6 mg protein/mL). Unless otherwise specified, the reactions were initiated by the addition of hemoproteins (with or without H202) or iron salts as stated. All ironcontaining solutions were prepared immediately before use by dissolving the solid iron salts to distilled water exhaustively bubbled with argon. Incubations were performed under an air atmosphere, and lipid peroxidation was measured as TBA reactivity; 0.5 mL of TBA (1% w/v in 50 mM NaOH) and 0.1 mL of butylated hydroxytoluene (2% w/v in ethanol) were added, followed by 0.5 mL of HCl (25% v/v). Tubes were heated at 100°C for 10 min and, after cooling, the chromogen was extracted into 1 mL of butan-l-ol. The absorbance of the organic layer was read at 532 nm, and the results were reported as nanomoles of MDA, using a molar extinction coefficient of 1.56 x 105 M-1 cm-' (6) .
Determination of Iron, Leghemoglobin, and Protein
For iron determination, nodules were homogenized with mortar and pestle in 2 volumes (w/v) of 50 mm phosphate buffer (pH 7.4). After filtration through four layers of cheesecloth, the crude nodule extract was centrifuged at 10,000g for 15 min and then at 250,000g for 1 h. The clear supernatant was filtered successively through an Amicon YM 5 and an Amicon YM 2 membrane to eliminate the soluble plant-cell proteins. The filtrate was concentrated under vacuum, and iron was measured by the ferrozine method (8) . Total leghemoglobin in the clear supernatant was determined by the pyridine hemochrome assay (5). Protein concentration was measured by the procedure of Lowry et al. (19) with BSA as the standard.
RESULTS

Peroxidation of the Peribacteroid Membrane in the Presence of Leghemoglobin and H202
Our purification method gave rise to highly enriched PBM preparations. Electron micrographs showed that the membrane vesicles were completely free from contamination by mitochondria and by bacteroids released after the rupture of the peribacteroid vesicles. However, such a degree of purity was associated with a low yield which was estimated as 8 to 10 mg of membrane protein per 100 g fresh weight of nodules. In all the experiments described in this paper, peroxidation was measured by the TBA test. This test measures not only peroxidation occurring in the experiment itself, but also peroxidation taking place during the heating of the samples. To cope with this problem, the test was performed in the presence of the antioxidant butylated hydroxytoluene, thus inhibiting peroxidation during the assay itself (3) . Under these conditions, the TBA test can be regarded as an excellent method to determine the extent of lipid oxidation (16) .
Metleghemoglobin activated by two molecular proportions of H202 initiated membranal lipid peroxidation (Fig. 1) , whereas only a very slight oxidation occurred in the presence of metleghemoglobin alone (Fig. 1) ; no oxidation could be detected with H202 alone. The initial rate observed with activated metleghemoglobin was low and increased with time, reaching 4 nmol of MDA produced after 30 min. This level was already obtained after 9 min with the same concentration of activated metmyoglobin (Fig. 1) . With this hemoprotein, a high initial rate was also observed in the case of sarcosome peroxidation (14) . Molar ratios for H202:leghemoglobin of 5 or 10 produced greater amounts of MDA. However, this was probably not due to activated leghemoglobin, since heme degradation occurred under these conditions (26 It was of interest to measure the concentration of nonprotein-bound iron during nodule development. After a two-step filtration and concentration of nodule extracts (see "Materials and Methods"), no iron could be detected under our experimental conditions in 3-and 4-week-old nodules; then, the amount of detectable iron increased to reach a maximum for 6-week-old nodules; at this stage of development, 12.0 nmol/ g could be detected, and a level of 10.2 nmol/g was still present in 7-week-old nodules (Fig. 3) . This evolution paralleled the decrease in total leghemoglobin in nodules during the same period (from 122 nmol/g to 22 nmol/g). When concentrated extracts from 6-week-old nodules were added to incubation mixtures to reach a final concentration of 50 FM Fe (as determined by the ferrozine test), they were able to induce MDA formation in the presence of ascorbate. The extent of peroxidation was similar to that previously observed with 50 AM FeCl3 and 50 AM ascorbate (Fig. 2) .
The peroxidation level obtained with enriched PBMs was compared with that observed in the presence of microsomes, a widely used material in the study of membrane peroxidation. Lipid peroxidation was always lower with microsomes prepared from French-bean nodules than with enriched PBMs at similar protein concentrations (Fig. 2) . Nodule age (weeks) we observed with these preparations. Thus, it is difficult to distinguish between the initiation step of lipid peroxidation and the decomposition of these peroxides to chain-propagating peroxyl and alkoxyl radicals. To our knowledge, this is the first report of a lipid peroxidation occurring in enriched PBMs. In vivo, the conditions required for the initiation of this process probably exist as early as nodule senescence begins. It has been reported that the pH rapidly drops between the third and the fifth weekreaching values lower than 5.5-in the case of French-bean nodules (23) ; this promotes the autoxidation ofleghemoglobin (28) which can be visualized by the brown color ofthe central tissue. Furthermore, the onset of senescence is characterized by a decline ofactivities ofcatalase and glutathione peroxidase (22) which leads to an accumulation of H202 in aged tissues (12) able to induce the formation of activated leghemoglobin. In the host cell, the existence of large amounts of leghemoglobin in direct contact with the PBMs could favor the peroxidation of membrane lipids. Very low amounts ofthe activated species would be needed to initiate the process which could then proceed by an autocatalytic chain reaction (20) . On the other hand, it appears that nonprotein-bound iron ions are present in senescing nodules, and their involvement in the peroxidation of PBMs in vivo can be suggested. Because the increment in free iron concentration parallels the decline in leghemoglobin content, this molecule is probably the main source of iron. Taking the heme concentration in Frenchbean nodules (around 120 nmol/g) into account, it appears that the degradation of only 10% of the total leghemoglobin can account for the concentration of the free iron. It has been shown that proteolytic activity increases in senescing Frenchbean nodules (24) ; the action of proteases upon this hemoprotein (24) can lead to the release of free iron which can directly or indirectly, i.e. bound to phytoferritin (15) , participate in the lipid peroxidation process. It must be noted that (a) iron is released from ferritin by free radicals of oxygen (32) which are probably present in senescing nodules, and (b) intact ferritin is able to decompose lipid peroxides with formation of alkoxy and peroxy radicals (20) . The low oxygen tensions in root nodules would not prevent lipid peroxidation, since this reaction and especially the propagation step are known to occur at very low oxygen tensions (10) . Furthermore, the oxygen diffusion barrier in the inner cortex oflegume nodules (31) is likely to be less efficient in aging nodules. All these processes suggest that PBMs can be the first target of degradative reactions among the early events of senescence (25) ; this can be related to the existence of a high lipid to protein ratio in the PBM ( 11) and is confirmed by the fact that, for a similar protein concentration, MDA accumulation was greater in the presence of PBMs than with the microsomal fraction.
